Introduction {#s0001}
============

Deep sequencing of bacterial transcriptomes revealed many non-annotated small transcripts, some of which are probably regulatory non-coding RNAs (sRNAs), small mRNAs, or RNAs with dual functions.[@cit0001] Most bacterial mRNAs harbor Shine-Dalgarno sequences (SDs) in their 5′-untranslated regions (5′-UTRs), which mediate the interaction of the mRNAs with the 30S ribosomal subunit.[@cit0005][@cit0006] Thus, the identification of canonical SDs should be helpful for identification of small functional open reading frames (sORFs) that are ignored in genome annotations.[@cit0003][@cit0007]

A canonical SD is located 5 to 9 nucleotides (nt) upstream of the translation initiation codon and has the sequence 5′-AGGAGG-3′ that is perfectly complementary to the 3′-end of 16S rRNA.[@cit0005][@cit0006] However, most SDs are not perfectly complementary to 16S rRNA and canonical 6-meric SDs are strongly underrepresented in bacterial genomes.[@cit0006] Moreover, SDs longer than 6 nt with perfect complementarity to 16S rRNA have rarely been described. An extended SD consisting of 8 nt was shown to enable translation of a chloroplast mRNA from a downstream GUG start codon instead of an upstream AUG codon.[@cit0008] Further, artificially extended SDs of 8 and 10 nt resulted in lower translation efficiency in *E. coli*, probably due to extraordinary strong binding to the anti-Shine-Dalgarno (aSD) in 16S rRNA, thus impeding transition from initiation to elongation of translation.[@cit0009] However, in another study with *E. coli* an 8 nt SD led to higher translation efficiency than SDs of 6 nt or 4 nt.[@cit0010]

Identification of small protein-encoding genes has remained a challenge, but examples of small proteins that fulfill important functions underline the importance of this research field.[@cit0003]^,^[@cit0007][@cit0011] Among others, small proteins influence resistance to antibiotics, regulate bacterial communication, or act as non-secreted toxins contributing to formation of persister cells.[@cit0012] Recently we re-annotated the genome of the *Bradyrhizobium japonicum* USDA 110, a soil-dwelling bacterium capable of fixing molecular nitrogen in symbiosis with several legume plants including soybean.[@cit0017][@cit0018] This re-annotation added 1,391 potential ORFs to the 8,317 originally annotated genes.^[@cit0018]^ Although sORFs shorter than 30 codons were not annotated, it is conceivable that such sORFs remain to be identified and that some of them are encoded by putative sRNAs. Many transcription start sites (TSSs) of orphan genes that may correspond to sRNAs or small mRNAs were recently mapped in the genome of *B. japonicum* USDA 110.[@cit0019]

In this work, we analyzed a small RNA in *B. japonicum* USDA 110 and found that it is an mRNA conserved in *Bradyrhizobiaceae*. It encodes a polypeptide chain comprising 14 amino acid residues (aa) and harbors an extremely large SD of 17 nt, which extends to a GTG start codon. The polypeptide chain, synthesized by solid-phase chemical synthesis, does not adopt a persistent secondary or tertiary structure as judged by CD- and NMR-spectroscopic analyses. We show that the unique ribosome binding site (RBS) is responsible for strong interaction with ribosomes and low translation efficiency. Furthermore, our data indicate ribosome-dependent degradation of the small mRNA. Thus, the corresponding gene was named *rreB* ([r]{.ul}ibosome-[r]{.ul}egulated [e]{.ul}xpression in *Bradyrhizobiaceae*). Small genes with similar RBS, which are probably regulated at the RNA level in a similar way, were also found in other α-proteobacteria.

Experimental procedures {#s0001-0001}
-----------------------

### Cultivation methods and cloning procedures {#s0001-0001-0001}

*B. japonicum* 110*spc*4, a spectinomycin-resistant derivative of *B. japonicum* USDA 110 (recently re-named to *Bradyrhizobium diazoefficiens*), was grown in PSY medium in the presence of spectinomycin at a concentration of 100 μg ml^−1^ at 30°C.[@cit0021] *Escherichia coli* JM109 and *E. coli* S17-1 were cultivated in LB medium.[@cit0024][@cit0025] Standard cloning procedures were used.[@cit0026] Suitable constructs for ectopic expression in *B. japonicum* were cloned in pME3535XhoI or its derivatives, cleaved out with EcoRI and XhoI restriction endonucleases and re-cloned into the broad host range plasmid pRK290XhoI resulting in pJH-plasmids (see Table S1).[@cit0027][@cit0028] Additionally, the chromosome integration plasmid pRJPaph-gfp_a1 was used.[@cit0029] The *gfp* gene of this plasmid was cleaved out with SpeI and KpnI and was replaced by a sequence containing BamHI, PstI and SphI restriction sites. The resulting plasmid pRJPaph-MCS was used to clone *rreB* derivatives. Plasmids were transferred from *E. coli* S17-1 to *B. japonicum* 110*spc*4 by biparental conjugation.[@cit0025] Used plasmids and oligonucleotides are listed in Tables S1 and S2, respectively.

### RNA isolation and analysis {#s0001-0001-0002}

Total RNA was isolated with hot-phenol.[@cit0030] Soybean nodules were kindly provided by H.M. Fischer (ETH Zürich). RNA separation in urea-containing 10 % polyacrylamide gels, staining with ethidium bromide, semidry blotting, hybridization with radioactively labeled oligonucleotide probes, re-hybridization, signal detection and quantification were performed as described.[@cit0031] Oligonucleotides used for hybridization are listed in Table S2. RNA stability measurements after stop of transcription with rifampicin were performed as previously described.[@cit0032]

### Fractionation of cell-free extracts {#s0001-0001-0003}

*B. japonicum* cells were harvested by centrifugation at 13,000 g at 4°C, re-suspended in a buffer containing 20 mM HEPES-KOH (pH 7.8), 10 mM MgCl~2~ and 100 mM NaCl, and lysed by sonication. S100 and P100 fractions were obtained after ultracentrifugation at 100,000 g. RNA isolated from the S100 fraction and the P100 fraction was dissolved in the same volume and same volumes were analyzed by Northern blot hybridization. The P100 fraction was resuspended in the same buffer and further fractionated in 10 ml 5% to 40% sucrose density gradient containing 3 mM MgCl~2~ at 75,000 g and 4°C for 16 h. Fractions (0.5 ml) were harvested from the top and absorption at 260 nm was measured to localize the 30S and 50S ribosomal subunits.[@cit0033]

### Western blot analysis {#s0001-0001-0004}

Exponentially growing *B. japonicum* cells were harvested and adjusted to an OD~600~ of 10 in SDS-containing loading buffer. Cells were lysed by incubation at 100°C for 5 min, proteins were separated by SDS-PAGE and blotted onto a nitrocellulose membrane.[@cit0026] If necessary, cell suspensions were diluted tenfold prior to lysis. Detection was performed with GFP-specific antibodies (Clontech), Anti-Mouse IgG-Alkaline Phosphatase (Sigma) and CDP-Star (Roche). Signals were visualized using a chemiluminescence imager (Fusion SL4, Vilber).

### Flow cytometry and cell sorting {#s0001-0001-0005}

Flow cytometry analysis and cell sorting experiments were performed with a FACSAria II flow cytometer (Becton Dickinson, Heidelberg, Germany). For excitation, a blue solid-state laser with a wavelength of 488 nm was used. Forward-scatter characteristics (FSC) and side-scatter characteristics (SSC) were detected as small-angle and orthogonal scatter of the 488-nm laser. For the detection of EGFP fluorescence a 502 nm long-pass and a 530/30 nm band-pass filter set was used. The FACS-Diva software 6.0 was used for measurement and data recording. Tracking beads labeled with a mixture of fluorochromes (BD, Heidelberg, Germany) were used for the cytometer set-up and performance tracking. Noise was removed by thresholding on FSC and SSC, while cell size was discriminated over the intensity of the FSC signal. Four-way purity was used as the precision mode for cell sorting with a threshold rate of up to 8000 events/sec. Data were analyzed using FlowJo V10 (Tree Star, Ashland, USA).

### Peptide synthesis, CD and NMR analyses {#s0001-0001-0006}

The small polypeptides *rreB* from *B. japonicum* USDA 110 (14 aa) and *rreR* from *Dinoroseobacter shibae* DFL 12 (18 aa) were synthesized using standard Fmoc-chemistry and purified by reversed-phase HPLC. The purity of the synthesized products characterized by matrix-assisted laser desorption/Ionization (MALDI) mass analysis was analytical HPLC and greater 95% for both peptides. Secondary structure analysis was performed by 1D ^1^H-NMR experiments and circular dichroism (CD) spectroscopy (see Supplementary Methods).

### Bioinformatic analyses {#s0001-0001-0007}

Homologs of *rreB* were identified by BLASTN and were used for multiple sequence alignments and secondary structure prediction.[@cit0034][@cit0035] Clustal W was also used for multiple sequence alignments.[@cit0036] Phyre2 was used for prediction of structures of proteins.[@cit0037]

Results {#s0002}
=======

A small mRNA with extraordinarily long Shine-Dalgarno sequence in *Bradyrhizobiaceae* {#s0002-0001}
-------------------------------------------------------------------------------------

Based on existing transcriptome data and previously mapped TSSs, promoters, and terminators, we identified a sRNA with a length of 165 nt, a TSS located at genomic position 6,046,962 and a putative RpoD-like promoter ([Fig. 1A](#f0001){ref-type="fig"}).[@cit0019] Northern blot analysis confirmed this transcript in exponentially growing and stationary free-living *B. japonicum* cells, and in symbiosis with soybean ([Fig. 1B](#f0001){ref-type="fig"}). In addition to the expected band of approximately 165 nt, the Northern blot analysis revealed a putative degradation product of approximately 120 nt present only in symbiosis and a putative degradation product of approximately 60 nt under all tested conditions ([Fig. 1B](#f0001){ref-type="fig"}). Figure 1.Detection of the small mRNA *rreB*. (A) Genomic context of *rreB* and cDNA reads, which originate from a previous differential RNA-seq analysis.[@cit0019] RNA was isolated from exponentially growing, free-living cells in liquid cultures (F) and from nodules (N). RNA samples were treated (+) or not treated (−) with terminal exonuclease (TEX), which degrades 5′-monophosphorylated (processed) transcripts. The scale of each library is indicated (Reads). Flexed thin black arrow, mapped TSS; dark gray boxes with P and T, mapped putative promoter and terminator, respectively.[@cit0019] The gene *rreB* is located between Bjat37 encoding tRNA-Gly and bll5488_sh encoding a 2-component hybrid sensor and regulator. (B) Northern blot hybridization for detection of the sRNA *rreB* using a probe complementary to the sORF (see [Fig. 2A](#f0002){ref-type="fig"}). Total RNA isolated from liquid cultures grown to the exponential growth phase (Exp), the stationary phase (Stat) and from soybean nodules (Nod) was used. On the right side, the positions of the marker RNAs (160 nt, 120 nt and 60 nt corresponding to 6S rRNA, 5S rRNA and a fragment detected by the 6S RNA-specific probe, respectively[@cit0030]), are given. The full-length transcript (FL) and putative degradation products (Pr.) were detected. 5S rRNA was used as loading control.

The small RNA contains a sORF encoding a polypeptide chain (referred to here as small protein) of 14 aa. Interestingly, the SD upstream of the sORF is a part of a 17 nt region showing perfect complementarity to the 3′-end of 16S rRNA ([17]{.ul} nt [c]{.ul}omplemetarity-[region]{.ul} or 17c-region; [Fig. 2A](#f0002){ref-type="fig"}). The complementarity region encompasses bases upstream and downstream of the canonical SD and includes the first base of the GTG start codon. Such an unprecedented SD extension should lead to a very strong binding of the small mRNA to 16S rRNA in the 30S ribosomal subunit and may negatively influence or even abolish translation of the small protein.[@cit0009] BLASTN analyses revealed that the small mRNA is conserved in the family *Bradyrhizobiaceae* ([Fig. 2A](#f0002){ref-type="fig"} and Fig. S1). The corresponding gene was named *rreB* ([r]{.ul}ibosome-[r]{.ul}egulated [e]{.ul}xpression in *Bradyrhizobiaceae*; see below). Figure 2.The conserved small RNA *rreB* contains a sORF and shows extended complementarity to the 3′-end of 16S rRNA. (A) Multiple sequence alignment of *rreB* mRNA and its homologs in 4 genera of *Bradyrhizobiaceae*. Asterisks mark invariant positions. The canonical SD sequence 5′-AGGAGG-3′, the GUG start codon and UAA or UAG stop codons are highlighted. The sequence of the 3′-end of 16S rRNA is shown on the top. The 17 nt region of perfect complementarity between *rreB* and 16S rRNA (17c-region) is framed in blue. Sequences targeted by 3 different probes in Northern blot hybridizations are framed in red (see [Fig. 3](#f0003){ref-type="fig"} below). B.j.110, *B. japonicum* USDA 110; R.p. B18, *Rhodopseudomonas palustris* BisB18; N.h. 14, *Nitrobacter hamburgensis* X14; Af. b. 49717, *Afipia broomeae* ATCC 49717. An extended alignment is shown in Fig. S1. (B) Multiple sequence alignment of the small proteins RreB encoded by the sORFs presented in A). An extended alignment is shown in Fig. S1. (C) Predicted spatial structure of RreB from *B. japonicum* USDA 110. Aromatic amino acid residues are marked. (D) Predicted RNA secondary structure of the *rreB* homologs shown in A). The LocARNA color annotation shows the conservation of base pairs - highly reliable prediction is indicated by the red color.[@cit0036] Less conserved basepairs are indicated by grey letters.

The small protein encoded by *rreB* is conserved ([Fig. 2B](#f0002){ref-type="fig"} and Fig. S1) and has predicted α-helix and random coil regions ([Fig. 2C](#f0002){ref-type="fig"}). It was synthesized by standard Fmoc-chemistry and its structure was analyzed by CD and 1D-NMR spectroscopy (Figs. S2 to S5). However, the small protein RreB remained unstructured under all tested conditions, suggesting that it may adopt a structure only upon binding to interaction partner(s).

The small mRNA *rreB* binds to the 30S ribosomal subunit {#s0002-0002}
--------------------------------------------------------

The presence of *rreB* homologs in several *Bradyrhizobiaceae* genera allowed prediction of a conserved secondary structure of the small mRNA. The prediction suggests that with exception of the 5 most upstream nucleotides, the 17c-region and the GTG start codon are involved in a double-stranded structure ([Fig. 2C](#f0002){ref-type="fig"}). The putative formation of double-stranded mRNA structure raised the question whether the 5′-UTR of *rreB* is accessible for interaction with ribosomes. To test whether *rreB* is bound to ribosomes, lysates of exponentially growing *B. japonicum* cultures were fractionated by ultracentrifugation at 100.000 g in supernatant (S100) fraction containing the soluble components of the cell and pellet (P100) fraction containing membranes and ribosomes. RNA from both fractions was analyzed by Northern blot hybridization along with total RNA.

The Northern blot analysis was performed with 3 probes directed to the 17c-region, the sORF (the same probe was used in [Fig. 1B](#f0001){ref-type="fig"}) and the 3′-UTR, respectively ([Fig. 3A](#f0003){ref-type="fig"}). As expected, with the sORF probe the 165 nt full-length *rreB* mRNA and the 60 nt degradation product were detected in total RNA. In contrast, the 60 nt band was not detected with probes directed to the 5′- and 3′-UTR, respectively ([Fig. 3A](#f0003){ref-type="fig"}). After 100.000 g fractionation, the 60 nt band was detected predominantly in the S100 fraction, while the 165 nt band was mainly in the P100 fraction ([Fig. 3A](#f0003){ref-type="fig"}). As control for successful fractionation we used tRNA-Arg (Bjat49) which is not expected to be fully associated with ribosomes and was mainly in the S100 fraction, and 5S rRNA, which as part of the 50S ribosomal subunit was mainly in the P100 fraction ([Fig. 3B](#f0003){ref-type="fig"}). Thus, in contrast to the 60 nt processing product, most of the full-length *rreB* mRNA seemed to be associated with ribosomes. Figure 3.The small mRNA *rreB* is in the insoluble fraction and is strongly bound to the 30S ribosomal subunit in *B*. japonicum. (A) Northern blot analysis of total RNA (T) and RNA isolated from the P100 (P) and S100 (S) fraction using probes directed against the 5′-UTR (5′-probe), the sORF (ORF-probe) and the 3′-UTR (3′-probe) of *rreB* as indicated; the same membrane was re-hybridized. Main bands of approximately 165 nt and 60 nt were detected (marked at the left side). Their lengths were estimated by hybridization of the membrane with probes directed against the length standards 6S RNA (160 nt), 5S rRNA (120 nt) and tRNA-Arg (79 nt) (not shown). (B) Northern blot analysis of tRNA-Arg and 5S rRNA. The membrane shown in A) was re-hybridized. (C) Separation of the P100 fraction through a 5% to 40% sucrose density gradient. The absorption of the gradient fractions at 260 nm is shown. Fractions which were further analyzed are marked with arrows. (D) Analysis of RNA isolated from fractions 3, 10 and 14 of the sucrose density gradient by electrophoresis. RNA was separated in urea-containing 10% polyacrylamide gel and stained with ethidium bromide (shown is a negative image). Distinct bands corresponding to the large 23S rRNA fragment (23S rRNA), 16S rRNA, the 5.8S rRNA-like short 5′-fragment of 23S rRNA, 5S rRNA and tRNAs are indicated. Fragmentation of 23S rRNA in *Bradyrhizobium japinicum* was described previously.[@cit0040] (E) Northern blot hybridization of RNA from the indicated sucrose density gradient fractions with probes directed against the sORF of *rreB*, tRNA-Arg and 5S rRNA.

The P100 fraction was further analyzed by ultracentrifugation in sucrose density gradients in which the ribosomal subunits were essentially separated ([Fig. 3C](#f0003){ref-type="fig"} and [3D](#f0003){ref-type="fig"}). Twenty-two fractions were collected from the top of the gradient and RNA was isolated from the peak fractions 3 (containing mRNAs and tRNAs), 10 (containing the 30S ribosomal subunit) and 14 (containing mainly the 50S ribosomal subunit; see [Fig. 3C](#f0003){ref-type="fig"} and [3D](#f0003){ref-type="fig"}). Using Northern blot hybridization we detected the 165 nt *rreB* band in fraction 10 and the 60 nt *rreB* band in fraction 3 ([Fig. 3E](#f0003){ref-type="fig"}). As expected, the tRNA-Arg was in fraction 3 and 5S rRNA in fraction 14 ([Fig. 3E](#f0003){ref-type="fig"}). These results suggest that the 60 nt degradation product easily dissociates from the ribosomes, and show that full-length *rreB* mRNA is strongly bound to the 30S ribosomal subunit.

The 5′-extension of the SD is crucial for predominant localization of *rreB* at ribosomes {#s0002-0003}
-----------------------------------------------------------------------------------------

To analyze the impact of the 17c-region on the binding to ribosomes, we ectopically overexpressed 3 5′-truncated *rreB* mRNA derivatives ([Fig. 4A](#f0004){ref-type="fig"}): 1) *17c-rreB* lacking the first 8 nt of wild type *rreB* but still having the 17 nt complementary to 16S rRNA (compare [Fig. 4A](#f0004){ref-type="fig"} to [Fig. 2A](#f0002){ref-type="fig"}), 2) *14c-rreB* starting with the full canonical SD and having 14 nt complementary to 16S rRNA, and 3) *8c-rreB* lacking the canonical SD and having 8 nt complementary to 16S rRNA. When compared with endogenous *rreB*, the overexpression of the truncated *rreB* derivatives was strong in *B. japonicum*, ranging from 20-fold for *17c-rreB* to 120-fold for *8c-rreB*, as determined by Northern blot hybridization ([Fig. 4B](#f0004){ref-type="fig"}). The overexpressing strains were subjected to S100 and P100 fractionation followed by Northern blot hybridization, showing that *17c-rreB* was predominantly in the P100 fraction and the other 2 *rreB* derivatives with shortened region of complementarity to 16S rRNA were mainly in the S100 fraction ([Fig. 4C](#f0004){ref-type="fig"}). The strong difference in the localization of *17c-rreB* and *14c-rreB* shows that the most upstream nucleotides of the 17c-region are crucial for the predominant localization of *rreB* in P100 and thus for binding to ribosomes in *B. japonicum*. When analyzed in *E. coli*, the *rreB* derivatives accumulated to very low levels and were mainly in the S100 fraction (Fig. S6). To test whether 20-fold overproduction of *17c-rreB* mRNA that tightly binds to ribosomes influences *B. japonicum* growth, growth curves of the overexpressing strain and the EVC were compared but no difference was found (not shown). Figure 4.The 5′-nucleotides of the 17c-region are crucial for the predominant localization of *rreB* in the P100 fraction. (A) Schematic representation of the used constructs. The 5′-UTRs and GTG start codons of the *rreB* derivatives overexpressed from plasmids pJH-17c-rreB, pJH-14c-rreB, and pJH-8c-rreB are shown. The region of complementarity to 16S rRNA is underlined in blue. The canonical SD and the GTG start codon are highlighted. P*rrn*, rRNA (*rrn*) promoter; T*rrn, rrn* terminator. (B) Northern blot hybridization of total RNA of *B. japonicum* strains overproducing the indicated *rreB* derivatives. EVC, empty vector control. (C) Northern blot hybridization of RNA isolated from the P100 (P) and S100 (S) fractions of strains overproducing the indicated *rreB* derivatives. (B) and (C) shown results from representative experiments. In each case, 3 independent biological experiments with similar results were performed. Probes directed against *rreB* and the 5S rRNA control were used.

The RBS of *rreB* suppresses translation {#s0002-0004}
----------------------------------------

The strong binding of *rreB* to 16S rRNA may negatively influence translation.[@cit0009] To test whether translation of *rreB* takes place in *B. japonicum*, we cloned *rreB-egfp* translational fusions. For this purpose first a control plasmid pJH-F2 was created, which contains the *B. japonicum rrn* promoter, a 5′-UTR with a standard SD and an ATG start codon (standard RBS) from the bacterial overexpressing vector pQE30 (Qiagen), in frame *egfp*, and the *B. japonicum rrn* terminator. Plasmid pJH-F2 leads to strong *egfp* expression in *B. japonicum* ([Fig. 5B](#f0005){ref-type="fig"}, lane 2). Suitable restriction sites were included in pJH-F2 in order to enable construction of *egfp* translational fusions by replacement of the standard RBS ([Fig. 5A](#f0005){ref-type="fig"}). Figure 5.Analysis of the influence of truncated *rreB* 5′-UTRs on EGFP translation. (A) Schematic representation of plasmid pJH-F2 and of its derivatives pJH-14c-egfp, pJH-11c-egfp, and pJH-8c-egfp, which contain *rreB-egfp* translational fusions. The standard SD and the ATG start codon of pJH-F2 were replaced by the indicated *rreB* sequences. n.c., cloning of a construct with the full *rreB* 5′-UTR without the *rreB* sORF failed. P*rrn* and T*rrn*, see [Fig. 4A](#f0004){ref-type="fig"}. (B) Western blot analysis with GFP-specific antibodies of strains containing the indicated constructs (see A). EVC, strain containing plasmid pJH-O1. The bottom panel shows a Coomassie Blue stained SDS-polyacrylamide gel after electrophoresis visualizing the loaded protein amounts. Migration of marker proteins (M) in the gel is indicated at the left side in kDa.

To test the influence of the 17c-region on translation, we aimed to replace the standard RBS by the full *rreB* 5′-UTR and the GTG start codon, but we failed to clone such a construct (marked with n.c. in [Fig. 5A](#f0005){ref-type="fig"}). Therefore, we cloned truncated derivatives with 14, 11 and 8 nt complementarity to 16S rRNA (pJH-^14^c-egfp, pJH-11c-egfp and pJH-8c-egfp; [Fig. 5A](#f0005){ref-type="fig"}). EGFP production in *B. japonicum* cells was monitored by Western blot analysis with GFP-specific antibodies ([Fig. 5B](#f0005){ref-type="fig"}). Signals corresponding to EGFP (33 kDa) were detected only in lysates with pJH-14c-egfp (lane 4) and the positive control pJH-F2 (lane 2). The EGFP signal in lane 4 was much weaker than that in lane 2 (consider the bottom panel which shows the loaded protein amounts in [Fig. 5B](#f0005){ref-type="fig"}). Thus, the RBS with the 14c-region supports weak translation, while the truncated 11c- and 8c-derivatives (lanes 5 and 6 in [Fig. 5B](#f0005){ref-type="fig"}) do not support it. Considering the strong overproduction of *14c-rreB* mRNA ([Fig. 4B](#f0004){ref-type="fig"}) and the fact that its truncated 5′-UTR supports translation ([Fig. 5B](#f0005){ref-type="fig"}), we tested whether the increased RreB level influences growth. However, we did not found difference between the growth of *B. japonicum* (pJH-14c-*rreB*) and the EVC (not shown).

To analyze the impact of the full-length 5′-UTR of *rreB* on translation, we cloned the 5′-UTR together with the sORF in a translational fusion with *egfp*. Western blot analysis of cultures from cells containing the resulting plasmid pJH-17c-rreB-egfp revealed the presence of very low amounts of degraded EGFP (Fig. S7). Therefore we re-cloned the 17c-rreB-egfp construct to obtain a chromosome-integrating plasmid pRJ-17c-rreB-egfp, in which, the *rreB-egfp* translational fusion is under the control of a constitutive P*aph* promoter ([Fig. 6A](#f0006){ref-type="fig"}).[@cit0029] As a corresponding control pRJ-sSD-rreB-egfp was created, in which the standard RBS precedes the *rreB-egfp* fusion ([Fig. 6A](#f0006){ref-type="fig"}). The Western blot analysis in [Fig. 6B](#f0006){ref-type="fig"} shows that cells harboring pRJ-17c-rreB-egfp the fusion protein RreB-EGFP. The RreB-EGFP band from those cells was very weak when compared with the positive control with pRJ-sSD-rreB-egfp (compare lanes 4 and 5 in [Fig. 6B](#f0006){ref-type="fig"} considering the loaded protein amounts), in line with weak RreB-EGFP translation due to the 17c-region. Figure 6.The mRNA *rreB* is weakly translated in *B. japonicum*. (A) Schematic representation of the used constructs cloned between a P*aph* promoter and a sequence for integration of the plasmids into the chromosome (int).[@cit0029] The *rreB-egfp* fusion is preceded either by a standard SD and an ATG start codon (pRJ-sSD-rreB-egfp) or by the full-length 5′-UTR of *rreB* with the 17c-region and the GTG start codon (pRJ-17c-rreB-egfp). Further modifications of the 5′-UTR of *rreB* resulting in pRJ-14c-rreB-egfp and pRJ-13c-ATG-rreB-egfp are indicated on the bottom. (B) and (C) Western blot analysis with GFP-specific antibodies of strains containing the indicated constructs (see A). EVC, plasmid pJPaph-MCS was integrated into the chromosome. Schematic representation of of pJH-14c-GTG-egfp is given in [Fig. 5A](#f0005){ref-type="fig"}. The bottom panel shows a Coomassie Blue stained SDS-polyacrylamide gel after electrophoresis visualizing the loaded protein amounts. Migration of marker proteins (M) is indicated (in kDa). Arrows indicate the position of the RreB-EGFP band; arrows with asterisks indicate putative degradation products.

*B. japonicum* cells with the constructs shown in [Fig. 6A](#f0006){ref-type="fig"} were also examined under the fluorescence microscope. While 90% of the positive control cells harboring pRJ-sSD-rreB-egfp were fluorescent, in cultures with pRJ-17c-rreB-egfp there were almost no fluorescent cells (not shown). To test whether the fusion protein RreB-EGFP accumulates only in a small sub-population, the strain harboring pRJ-17c-rreB-egfp was analyzed additionally by flow cytometry. For thresholding we used an empty vector control (EVC) strain containing chromosomally integrated pRJPaph-MCS as reference and for the adjustment of the gating strategy. No significant difference was detected between cultures of the EVC and the pRJ-17c-rreB-egfp containing strain, both showing 0.03% fluorescent cells (Fig. S8). The fluorescence of those cells was weak and probably represents auto-fluorescence. Single fluorescent and non-fluorescent cells were spotted onto agar plates using FACS. RreB-EGFP was detected by Western blot analysis with GFP-specific antibodies in all cultures originating from single cell isolates with pRJ-17c-rreB-egfp and the signals were of similar intensities (Fig. S8). Altogether, these results suggest that the level of the fusion protein RreB-EGFP is very low in the cells and therefore its fluorescence is under the limit of detection.

To analyze the impact of the GTG codon on *rreB* translation, we constructed a pRJ-14c-rreB-egfp plasmid with the GTG start codon and a mutated derivative pRJ-13c-ATG-rreB-egfp in which the GTG codon was replaced by ATG ([Fig. 6A](#f0006){ref-type="fig"}). Western blot analysis revealed that the ATG codon mediates higher translation efficiency than the GTG codon (compare lanes 2 and 3 in [Fig. 6C](#f0006){ref-type="fig"}).

Based on the above data, we conclude that the sORF *rreB* is translated, but its translation is very weak due to the extremely extended SD and the GTG codon.

The start codon is important for rreB turn-over {#s0002-0005}
-----------------------------------------------

In the course of our analyses, we constructed a GUG/UAG mutant of the overexpressed *17c-rreB* RNA (see [Fig. 4A](#f0004){ref-type="fig"}), in which the start codon GUG is replaced by the stop codon UAG. This derivative named *16c-rreB*(GUG/UAG) was localized predominantly in the P100 fraction ([Fig. 7A](#f0007){ref-type="fig"}), suggesting that it binds to ribosomes with similar efficiency like *17c-rreB* or endogenous *rreB*. However, the *16c-rreB*(GUG/UAG) transcript accumulated to higher levels in the cells than *17c-rreB* (not shown). Since both RNAs are transcribed from the *rrn* promoter, this observation suggested that *16c-rreB*(GUG/UAG) is more stable than *17c-rreB*, pointing to a function of the ribosome in *rreB* degradation. We performed stability measurements and found that the GUG/UAG mutation significantly increased the half-life of the transcript from 10 ± 2 min to 37 ± 13 min ([Fig. 7B](#f0007){ref-type="fig"} and [7C](#f0007){ref-type="fig"}). Thus, either formation of 30S initiation complex or 70S ribosome are involved in degradation of *17c-rreB*, suggesting an additional regulatory role of the ribosome in *rreB* expression. Figure 7.The *rreB* start codon is important for the turnover of the small mRNA. Northern blots hybridized with probes directed against the *rreB* sORF and the control 5S rRNA are shown. (A) The *16c-rreB*(GUG/UAG) transcript is localized predominantly in the P100 fraction. (B) and (C) RNA was isolated from cells harvested at the indicated time (min) after stop of transcription by rifampin addition to cultures at an OD~600~ of 0.5. Stabilities of the overproduced *rreB* derivatives *16c-rreB*(GUG/UAG) and *17c-rreB* were calculated from 4 biological experiments and are given below the panels.

Similar small genes in other αproteobacteria {#s0002-0006}
--------------------------------------------

Assuming that the 17 nt complementarity to the 3′-end of 16S rRNA is a hallmark of *rreB* and its functional homologs, we used a 20 nt query corresponding to the 3′-end of 16S rRNA for a BLASTN search in bacterial genomes. We found putative *rreB* analogs containing a 16 nt or 17 nt region of complementarity to the 3′-end of 16S rRNA in many representatives of *Caulobacterales, Rhizobiales, Rhodobacterales*, and *Rhodospirillales*. It is noteworthy that in contrast to other α-proteobacteria, in *Azospirillum* the *rre* gene is located on a plasmid and the sORF starts with an ATG. Although the genomic context of *rreB* ([Fig. 1A](#f0001){ref-type="fig"}) is quite conserved in *Bradyrhizobiaceae*, it is not conserved in other α-proteobacteria.

[Fig. 8](#f0008){ref-type="fig"} shows the conservation of the small genes named *rreR* in the *Rhodobacter/Roseobacter* clade. In all cases the last nucleotide of the large complementarity region belongs to a GTG start codon of a sORF comprising 18 codons. There is no sequence similarity between the small proteins RreB and RreR, but they are well conserved in the respective phylogenetic clades (see [Fig. 2B](#f0002){ref-type="fig"}, Fig. S1, and [Fig. 8B](#f0008){ref-type="fig"}). RreR from *Dinoroseobacter shibae* DFL12 (18 aa) ([Fig. 8C](#f0008){ref-type="fig"}) was also synthesized and analyzed by CD- and 1D-NMR spectroscopy. However, similarly to RreB, RreR remained largely unstructured in solution (Figs S9 to S12). Figure 8.Putative *rreB* homologs in *Rhodobacterales*. (A) Multiple sequence alignment of sequences corresponding to the putative small mRNAs containing homologous sORFs of 18 codons (named *rreR*) and preceded by a region with extended complementarity to the 3′-end of 16 sRNA (Extended SD region). Canonical SD, GTG start codon and stop codons are highlighted in gray. For other descriptions see [(Fig. 2A](#f0002){ref-type="fig"}. (B) Multiple sequence alignment of the small proteins RreR encoded by the sORFs shown in A). O.ar.238, *Octadecabacter arcticus* 238; O.an.307, *Octadecabacter antarcticus* 307; J.sp.1, *Jannaschia* sp CCS 1; Ros.e.19469, *Roseibacterium elongatum* DSM 19469; Ro.d.114, *Roseobacter denitrificans* OCh 114; Ro.l.149, *Roseobacter litoralis* Och 149; D.s.12, *Dinoroseobacter shibae* DFL 12; P.t.23, *Planktomarina temperata* RCA 23; Ph.g.26640, *Phaeobacter gallaeciensis* DSM 26640; Ph.i.17395, *Phaeobacter inhibens* DSM 17395; Pa.a.7686, *Paracoccus aminophilus* JCM 7686; R.c.1003, *Rhodobacter capsulatus* SB 1003; Pa.d 1222, *Paracoccus denitrificans* PD 1222; Rh.s.2351, *Rhodovulum sulfidophilum* DSM 2351; C.i.P73, *Celeribacter indicus* strain P73; R.s.2.4.1., *Rhodobacter spaheroides* ATCC 2.4.1. (C) Predicted spatial structure of RreR from *D. shibae* DFL 12.

Discussion {#s0003}
==========

In this work we identified a small mRNA named *rreB* with an extraordinary extended SD (17c-region) in *B. japonicum* and found that it is highly conserved in the family *Bradyrhizobiaceae*. The conservation of an exceptional SD followed by sORF in many bacteria beyond *Bradyrhizobiaceae* shows evolutionary pressure for maintenance of such arrangement. However, so far the function of *rre* genes remains elusive. The similar growth of the EVC and *B. japonicum* which overproduces the ribosome-binding *17c-rreB* mRNA suggests that simple recruitment of ribosomes for preventing translation is not a major function of *rreB*. This result can be explained by the much higher number of ribosomes when compared with native and overexpressed *rreB* mRNA, as judged from intensity signals in Northern blot hybridizations (data not shown). Further, putative overproduction of the small protein RreB in the strain harboring *pJH-14c* did not influence growth, thus preventing further analysis of its physiological role.

The secondary structure prediction of *rreB* suggested that only the 5 5′ nucleotides of the 17c-region are single-stranded and thus accessible for ribosome binding, while the downstream nucleotides are involved in a conserved hairpin structure ([Fig. 2D](#f0002){ref-type="fig"}). We suggest that the predicted single-stranded part of the 17c-region probably functions as a seed region for interaction with 16S rRNA, leading to subsequent melting of the first stem-loop of *rreB* and binding to the 30S ribosomal subunit. This assumption would explain the efficient binding of *rreB* and its *17c-rreB* derivative to ribosomes (as shown by their predominant localization in the P100 fraction) as well as the much lower proportion of *14c-rreB* RNA in P100 (see [Fig. 4](#f0004){ref-type="fig"}). The last transcript should harbor only 2 nt in the single-stranded region for seed interaction with 16S rRNA and thus it can be expected that its binding to ribosomes is inefficient.

It is noteworthy that when expressed in *E. coli* ([Fig. 4](#f0004){ref-type="fig"}), *rreB* was weakly associated with ribosomes (Fig. S6), pointing to differences in the accessibility of its RBS in the 2 bacterial species. Due to small differences between the 16S rRNA sequences of *B. japonicum* and *E. coli*, the region of complementarity between *E. coli* 16S rRNA and *rreB* is 14 nt with a potential seed interaction region of 3 nucleotides. The latter could be a reason for the inefficient interaction between *rreB* and ribosomes in *E. coli*.

A 17 bp duplex formation between *rreB* and 16S rRNA would encompass the entire single-stranded 3′-end of 16S rRNA in *B. japonicum*. A previous crystallography study with an artificial RNA has shown that 5 nt downstream of the canonical SD can be involved in the formation of the SD helix, which in that case had a length of 12 bp and involved almost all nucleotides of the single-stranded 3′-end of 16S rRNA of *Thermus thermophilus*.[@cit0038] Our data revealed important roles for the 9 5′ nucleotides of the 17c-region: the 5′-extension upstream of the canonical 6 nt SD AGGAGG was crucial for the highly efficient *rreB* binding to ribosomes ([Fig. 4](#f0004){ref-type="fig"}) and the full canonical SD was needed for *rreB* translation (compare lane 4 to lane 5 in [Fig. 5](#f0005){ref-type="fig"}). Furthermore, the data suggest that the 8 3′ nucleotides of the 17c-region (the 7 nt between the canonical SD and the start codon, and the first nucleotide of the start codon) serve to minimize *rreB* translation: contrary to our expectations, the *11c-egfp* mRNA harboring AGG was not translated and the *14c-egfp*-mRNA with canonical SD was translated very weakly when compare with the construct with standard SD ([Fig. 5](#f0005){ref-type="fig"}).[@cit0006]^,^[@cit0010] Finally, the GTG start codon was identified as an additional determinant keeping *rreB* translation low ([Fig. 6C](#f0006){ref-type="fig"}). Thus, our results show that the unique 17c-region enables very efficient binding of *rreB* to ribosomes but keeps its translation weak. It is not clear whether translation is weak under all conditions or *rreB* it is efficiently translated under specific, yet unknown conditions.

The *rreB* stability was dependent on the start codon ([Fig. 7](#f0007){ref-type="fig"}), suggesting that *rreB* degradation depends either on the 30S initiation complex or on the 70S ribosome. We favor the latter possibility, since it is known that mRNA is cleaved in ribosomes stalled due secondary structure roadblocks.[@cit0039] Strong binding of *rreB* mRNA to 16S rRNA that prevents elongation would result in a similarly trapped ribosome and may lead to *rreB* cleavage and ribosome rescue.

We used the unusually extended complementarity of *rreB* to 16S rRNA to search for similar or similarly regulated genes in other bacteria and detected putative *rre* genes in many α-proteobacteria. The high similarity between the RBS of *rreB* and of other α-proteobacterial *rre* mRNAs suggests strong interaction with ribosomes and similar posttranscriptional regulation at the level of degradation and translation. This shows how features of non-translated regions may help to uncover new genes for small proteins without detectable homology at the amino acid sequence level. The conservation of the *rreB* sORF in *Bradyrhizobiaceae*, the *rreR* sORF in *Rhodobacterales* and *rre* sORFs in other α-proteobacterial lineages suggests that these small genes are important for survival of many α-proteobacteria.
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